INTRODUCTION
Recent advances in eukaryotic expression vectors have provided various ways for efficient transfer of exogenous genes directly into in vivo somatic tissues of experimental animals and humans. In many in vivo gene transfer experiments or clinical trials, permanent transduction of target tissues is very important, especially for the treatment of inherited and acquired diseases that require persistent production of therapeutic proteins. Host chromosomal integration of vectors ensures permanent transduction in some cell types. However, most integrating vectors are derived from viruses, which require laborious and expensive procedures for production and purification and may produce undesirable products or elicit unwanted host immune response against virally encoded proteins.
Development of nonviral naked DNA-based in vivo integrative vectors is attractive since they have several advantages over viral-based vectors, e.g., simplicity of construction, ease of large-scale production, and costeffectiveness. However, naked DNA vectors normally do not integrate into chromosomes in vivo [1, 2] , resulting in only transient expression of the gene of interest in many cases. As an attempt to overcome this shortcoming, we incorporated adeno-associated virus (AAV) inverted terminal repeats (ITRs) into naked circular and linear doublestranded (ds) DNA vectors and investigated whether they could integrate in mouse hepatocytes in vivo. The rationale for the use of AAV-ITRs is that they have been considered the sole element required for chromosomal integration by recombinant AAV (rAAV) vectors in vitro and in vivo [3, 4] .
In the present study, to demonstrate stable vector integration in hepatocytes in vivo, a hereditary tyrosinemia type I (HTI) [5, 6] mouse model was used as well as normal C57BL/6 mice. HTI is an inherited fatal metabolic hepa-torenal disease caused by deficiency of fumarylacetoacetate hydrolase (FAH) [7, 8] . In the absence of this enzyme, hepatocytes accumulate the toxic metabolite fumarylacetoacetate (FAA) and die in a cell-autonomous manner. FAA can be reduced with administration of 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) [5] . Strong positive selection for FAH-positive cells in the HTI mouse liver has been demonstrated [6, 9, 10] and was used for in vivo selection of hepatocytes with integrated vector genomes. In this system, when FAH-expressing vectors are delivered into HTI mouse livers, only FAHpositive hepatocytes with integrated vector genomes can survive and repopulate the HTI livers in vivo. The result is the formation of FAH-positive hepatocyte nodules and the loss of unintegrated, nonreplicating episomal vector genomes in FAH-positive hepatocytes. Our results demonstrated that simple linearization of naked DNA vectors greatly increased their integration frequency in vivo. In addition, the incorporation of AAV-ITRs into linear ds DNA vectors was not essential for integration but further enhanced the integration.
RESULTS
Liver repopulation and genetic reconstitution in human FAH vector-injected HTI mice. We injected adult HTI mice with human FAH (hFAH)-expressing ds DNA vectors hFAH-Cϩ, hFAH-CϪ, hFAH-Lϩ, and hFAH-LϪ (n ϭ 4 per group) via the tail vein or with AAV-hFAH via the portal vein (for vector constructs, see Fig. 1 ). After vector injection, the mice were kept on NTBC for 7 weeks. In vivo hepatocyte selection was performed by withdrawing NTBC periodically for the next 18 weeks. Liver samples collected after in vivo selection were analyzed for both human FAH expression by immunohistochemistry ( Fig.  2) and vector genomes by Southern blot (Fig. 3) . We observed liver repopulation and genetic reconstitution after in vivo selection in animals injected with all the vectors (Figs. 2B, 2D, 2F, 2H, 2J, 2K, 3C, and 3D). Formation of FAH-positive hepatocyte nodules demonstrated that all four naked ds DNA vector forms (hFAH-Cϩ, CϪ, Lϩ, and LϪ) as well as rAAV were capable of chromosomal integration in mouse hepatocytes in vivo. Different levels of FAH expression in different nodules but similar levels of expression in hepatocytes within each nodule, which suggested position effects of integrated transgene, also supported vector genome integration. A long in vivo selection period was chosen to detect even a small number of integration events, therefore this in vivo selection assay was not quantitative and there was no statistical difference in the integration frequencies among the groups (Fig. 2K ).
Detectable integration of linear hFAH vectors in HTI mice before in vivo selection. Plasmid-derived vector genomes that have integrated into host chromosomes will lose bacterial methylation after cell division, resulting in a loss of sensitivity to the DpnI restriction enzyme. Integrated vector genomes can be detected indirectly by demonstrating the presence of vector genomes resistant to DpnI digestion by Southern blot analysis after DNA replication [11, 32] . Six weeks after injection (i.e., prior to selection), total vector genomes (both replicated and unreplicated vector genomes) were undetectable in six of eight animals injected with the circular plasmid vectors (hFAH-Cϩ or CϪ) (Fig. 3A) . Moreover, although vector genomes could be detected in two of the eight animals, these genomes were sensitive to DpnI digestion (Fig. 3B) , indicating that they were maintained in an episomal form. Similar to previous observations, vector genomes were undetectable in FAH-deficient animals injected with the AAV-hFAH vector (Fig. 3A) ([10] and H. Nakai et al., unpublished results). It should be noted that naked supercoiled circular plasmid and AAV-hFAH vectors injected at the doses used in this study have been previously shown to be consistently maintained in the livers of normal C57BL/6 mice ( [11, 12] and data not shown). The discrepancy between genome numbers in FAH-deficient versus normal C57BL/6 mice suggests that FAH-expressing HTI hepatocytes can divide and lose episomal vector genomes during NTBC administration. Importantly, and in contrast to hFAH-Cϩ, hFAH-CϪ, or AAV-hFAH-injected animals, vector genomes were detectable prior to selection in all the linear vector (hFAH-Lϩ or LϪ)-injected mice ( 3A). Interestingly, a majority of the hFAH-Lϩ and LϪ vector genomes detected before selection were DpnI resistant, indicating that they had replicated (Fig. 3B) . Furthermore, hFAH-Lϩ vector-injected mice had a greater number of replicated vector genomes than mice injected with hFAH-LϪ (Fig. 3B) . It should be noted that FAH-expressing hepatocytes can divide a limited number of times in HTI mice on NTBC, as mentioned above, resulting in loss of extrachromosomal vector genomes since one or two hepatocyte divisions are enough for over 90% loss of extrachromosomal vector genomes [15, 32] . Taken together, these data indicate that only linear vectors could integrate into chromosomes at appreciable levels before in vivo selection, and the linear vector containing AAV-ITRs integrated most efficiently.
Prior to in vivo selection (6 weeks post-vector injection), injection of each hFAH vector resulted in very low numbers of FAH-positive hepatocytes (less than 0.1% of total hepatocytes, see Figs. 2A, 2C, 2E, 2G, and 2I). However, after injection of the linear vectors (hFAH-Lϩ or LϪ), clusters of small numbers of FAH-positive hepatocytes were frequently observed (Figs. 2E and 2G ). This again suggested that hFAH-Lϩ or LϪ vector genomes integrated into hepatocytes, which subsequently divided prior to in vivo selection. Importantly, the total number of integrated copies of hFAH-Lϩ vector did not increase with in vivo selection in two of four mice (Fig. 3) , despite the substantial increase in the number of FAH-positive hepatocytes after selection (Figs. 2E and 2F ). This finding suggested that many of the integrated expression cassettes derived from linear vectors were silenced prior to in vivo selection. Furthermore, Southern blot analysis showed that a considerable number of integrated vector genomes after in vivo selection were head-to-tail, head-to-head, and tail-to-tail concatemers (data not shown), as were present before selection. Therefore it is unlikely that a small number of hepatocytes with a single integrated vector genome were responsible for repopulating the livers. Taken together, although only a small number of hepatocytes expressed FAH before selection in hFAH-Lϩ vector-injected mice, a relatively large proportion of hepatocytes likely contained integrated hFAH-Lϩ vector genomes before selection.
Isolation and analysis of integrated ds linear hFAH vectors in HTI mouse liver. We isolated vector-cellular DNA junctions (INT1 to 10, see Fig. 4 ) from HTI mouse livers 6 weeks after injection and analyzed them, which also supported linear vector genome integration into chromosomes before in vivo selection. It should be noted that the provector genomes (vector genomes integrated into chromosomes) isolated by this method may not be representative of the whole population of integration events since single-copy provector genomes are presumed to be preferentially rescued, and large concatemers are difficult to retrieve in bacteria. The integration seemed to be mediated by nonhomologous recombination with deletions at each vector end.
The effect of vector integration on the host genome was studied in six provector genomes, by aligning the junction sequences with mouse genomic sequences obtained from the mouse genome database (Figs. 4C and 4D). Integration sites were found in chromosomes 8 (INT7), 9 (INT9), 10 (INT2), 13 (INT1), 19 (INT5), and X (INT8). Deletions of mouse genomic sequences at the integration sites were commonly observed (by 33, 185, and 3664 bp). One-to 6-bp microhomology and a small nucleotide insertion were also observed at junctions. Two provector genomes (INT5 and INT8) formed complex structures and their molecular status could not be explained by a simple vector genome insertion into host chromosome with deletions (Fig. 4D) . We have no definitive evidence at this time, but these structures may have been formed from the duplication of host chromosomal sequences, as we have observed in rAAV proviral vector genomes in mouse liver [13] . Alternatively, these structures might have been generated in bacteria during their isolation. If this were the case, recombination in bacteria for the construction of such rescued plasmid structures (i.e., upstream of host genome-vector genome-downstream of host genome) should have resulted in the loss of the KpnI or AvrII site in rescued plasmid containing the provector genome. However, both INT5 and INT8 retained their KpnI and AvrII site, respectively. Therefore, recombination in bacteria was presumed to be unlikely. Integration of ds linear DNA vectors in normal C57BL/6 mice. Next, we investigated whether ds linear DNA vectors could integrate in hepatocytes of normal C57BL/6 mice, using human coagulation factor IX (hF.IX)-expressing naked ds linear DNA vectors hF.IX-Lϩ and hF.IX-LϪ and a control circular plasmid vector, hF.IX-Cϩ (Fig. 1) . We have previously shown that hF.IX-Cϩ is not a substrate for appreciable integration in normal mouse hepatocytes in vivo [32] . C57BL/6 mice were injected with DNA vectors (hF.IX-Lϩ, n ϭ 11; hF.IX-LϪ, n ϭ 7; and hF.IX-Cϩ, n ϭ 14), resulting in persistent and therapeutic levels of hF.IX expression with either vector ( [32] and Fig. 5A ). Six weeks postinjection, a 2/3 partial hepatectomy [14, 15] was performed. After partial hepatectomy, each hepatocyte divides once or twice, resulting in reconstitution of the original liver mass. During regeneration, extrachromosomal, but not integrated, vector DNA is lost [15] . In addition, integrated vector genomes become resistant to DpnI digestion. Therefore, the presence of DpnI-resistant vector genomes could provide indirect evidence for integration unless the vector genomes replicate as episomes. Lack of episomal replication machinery of the vectors in mouse hepatocytes has been shown elsewhere [32] . As shown in Fig. 5B , the decline in human F.IX levels after hepatectomy in the hF.IX-Lϩ or hF.IX-LϪ vector-injected mice was smaller than that in hF.IX-Cϩ vector-injected mice. The changes in the numbers of total and replicated vector genomes determined by densitometric analysis of the blots (Fig. 6A) are summarized below. The total vector genome numbers at the time of, and 3 weeks after, partial hepatectomy were 13.88 Ϯ 5.41 and 2.08 Ϯ 1.61 vector genomes per diploid genomic equivalent (vg/dge) in hF.IX-Lϩ vector-injected mice, respectively; 7.58 Ϯ 4.52 and 0.37 Ϯ 0.02 vg/dge in hF.IX-LϪ vector-injected mice, respectively; and 5.75 Ϯ 3.58 and 0.12 Ϯ 0.08 vg/dge (n ϭ 4 each, data not shown), respectively. The numbers of replicated vector genomes 3 weeks after hepatectomy were 0.12 Ϯ 0.07 vg/dge in hF.IX-Lϩ vector-injected mice and 0.05 Ϯ 0.02 vg/dge in hF.IX-LϪ vector-injected mice. Thus, the smaller decline in human F.IX levels and numbers of total vector genomes after hepatectomy in the linear vector-injected mice compared with the control circular vector-injected mice, together with the presence of DpnI-resistant replicated vector genomes after hepatectomy, indicated appreciable in vivo integration of hF.IX-Lϩ and hF.IX-LϪ vectors. The replicated (or presumably integrated) vector genomes analyzed after hepatectomy contained head-to-tail, head-to-head, and tail-to-tail concatemers (Fig. 6B) .
In a separate experiment, we injected adult C57BL/6 mice with hF.IX-Lϩ (23 g, n ϭ 4) or hF.IX-LϪ (22 g, n ϭ 3) via tail vein and performed a combination treatment with 2/3 partial hepatectomy and administration of a hepatocyte mitogen, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) [16] 3 weeks postinjection. This procedure was performed to increase further the amount of cell cycling after hepatectomy [17] . Three weeks later, vector genome replication in the livers was analyzed by Southern blot (Fig. 6C) . Replicated vector genome numbers as determined by Southern blot analysis were 0.53 Ϯ 0.14 and 0.33 Ϯ 0.13 vg/dge (means Ϯ standard deviations) in hF.IX-Lϩ and hF.IX-LϪ vector-injected mice, respectively. Because these numbers do not include integrated vector genomes that remained unreplicated or hemimethylated, these values still likely underestimate the true integration frequency. Nonetheless, the above results again demonstrate appreciable in vivo integration of naked ds linear vectors.
Although we demonstrated that ds linear DNA integrated into chromosomes in HTI and normal C57BL/6 mouse hepatocytes in vivo at appreciable levels, both studies relied on hepatocyte proliferation to establish integration. We therefore wanted to establish whether integration could occur in nonregenerating mouse liver. If vector genomes replicate as part of the integration process, as is often observed in the process of circular plasmid integration in cultured mammalian cells, the demonstration of amplification of vector genomes in nonregenerating liver would provide indirect evidence for in vivo integration unless vector genomes replicate as episomes. Southern blot analysis of nonregenerating liver DNA from mice 6 weeks after hF.IX-Lϩ injection showed replicated headto-tail vector concatemers at levels of 0.06 Ϯ 0.04 vg/dge (mean Ϯ standard deviation) (Figs. 6A and 6B ). To determine when these head-to-tail concatemers emerged, we injected adult C57BL/6 mice with hF.IX-Lϩ (23 g, n ϭ 12) or hF.IX-LϪ (22 g, n ϭ 12) DNA and analyzed liver samples from four mice in each group at 1 day, 1 week, and 3 weeks postinjection. Replicated vector genomes were quantified by Southern blot analysis. Replicated genomes emerged in a time-dependent manner and were only detected 3 weeks postinjection in hF.IX-Lϩ vectorinjected mice at levels of approximately 0.03 vg/dge (Fig.  6D) . Since hepatocytes in adult mice are not completely quiescent, it is possible that a certain population of hepatocytes could have entered S phase during the first 3 or 6 weeks, resulting in replication of integrated provector genomes. However, our results demonstrated that replicated genomes in association with hepatocyte division result in concatemers consisting of head-to-head and tail-to-tail concatemers, in addition to head-to-tail forms. The presence of only head-to-tail replicated forms in nonregenerating mouse livers injected with hF.IX-Lϩ suggested that the mechanism of vector genome replication was different from that associated with hepatocyte proliferation. While second-strand synthesis [18, 19] and strand displacement from AAV-ITRs on extrachromosomal hF.IX-Lϩ might contribute to some of the replicated genomes, this would not explain the presence of fully unmethyl- ated head-to-tail molecules that were completely resistant to DpnI (Fig. 6B) . If a majority of the replicated vector genomes were generated by second-strand synthesis, the hemimethylated DpnI-resistant 3.1-kb BglII-BglII band in the blots in Figs. 6A and 6D would be negligible because there are 11 DpnI sites between the two BglII sites (see Fig.  1 and Materials and Methods). Generation of fully unmethylated extrachromosomal vector genomes through the AAV-ITR requires productive genome replication, which is unlikely to occur in hepatocytes without helper functions [15] . These results are consistent with integration of hF.IX-Lϩ in nonregenerating mouse liver.
Two-fragment linear plasmid vectors also integrate in mouse hepatocytes in vivo.
Recently Chen et al. [12] have reported that linearized plasmid DNA vectors could direct persistent high expression of therapeutic proteins in mouse liver, but the vector genomes likely remained as episomes since a substantial decrease in the transgene expression was observed after a surgical partial hepatectomy. They used "double-cut" plasmid vectors that were linearized such that the expression cassettes were dissociated from the bacterial plasmid backbone, and mice were then injected with both DNA species. These previous results may appear contradictory to the results presented here. To analyze whether these double-cut linear plasmid vectors can integrate in mouse hepatocytes in vivo, we injected C57BL/6 mice with 25 g of hF.IX-expressing supercoiled circular plasmid vector hF.IX2-CϪ (n ϭ 6) or double-cut linear hF.IX2-CϪ (i.e., hF.IX2-CϪ linearized with NotI, see Materials and Methods) (n ϭ 9) via the tail vein with a hydrodynamics-based transfection technique. As previously reported by Chen et al. [12] , the double-cut hF.IX2-CϪ vector-injected mice persistently expressed hF.IX in plasma, and the hF.IX levels 36 weeks postinjection were 461 Ϯ 86 ng/ml (mean Ϯ standard error). A two-thirds partial hepatectomy was then performed (n ϭ 3 each for circular hF.IX2-CϪ vector-injected mice and double-cut linear hF.IX2-CϪ vector-injected mice). hF.IX levels in plasma of double-cut hF.IX2-CϪ vector-injected mice decreased by 93 Ϯ 4% (mean Ϯ standard error) in the hepatectomized group while in nonhepatectomized mice hF.IX levels did not change (10 Ϯ 12% decrease) as observed by Chen et al. [12] . We analyzed the liver DNA at the time of, and 3 weeks after hepatectomy for the presence of replicated vector genomes by Southern blot. DpnIresistant replicated vector genomes were observed in double-cut linear plasmid-injected mice but not in circular plasmid-injected mice, indicating that double-cut plasmid could replicate presumably after integration in mouse hepatocytes in vivo (Fig. 7) . The origin of replicated vector genomes before hepatectomy in double-cut linear plasmid-injected mice is not clear, and it is not known whether they represent replicated vector genomes in quiescent hepatocytes or hepatocytes that had entered S phase during the 32 weeks after injection. Nonetheless, these observations indicate that in the study by Chen et al., the linear DNA pieces could integrate as concatemers consisting of both the expression cassette and the plasmid backbone, and such concatemeric forms likely become transcriptionally silenced as seen in hFAH-Lϩ or LϪ injected mice in the present study. Such silenced integrated vector genomes should have a minimal contribution to the decrease in extrachromosomal transgene-derived expression after partial hepatectomy. The mechanisms of transgene silencing have not been elucidated yet; however, it may be attributed to the presence of adjoining plasmid backbone [12] or vector genome concatemerization [20] .
In summary, our present study demonstrated that both ds linear and circular naked DNA vectors are capable of integration in hepatocytes in vivo. However, integration of circular vectors is only detectable after selection, whereas ds linear vectors integrate at appreciable levels without selection (at least 0.5 vg/dge with Lϩ vector), irrespective of the AAV-ITR sequences.
DISCUSSION
As shown in this study, the use of naked ds linear DNA vectors offers a simple helper-independent method for stably introducing any exogenous DNA sequence under study into mouse hepatocytes in vivo. In addition, incorporation of the AAV-ITRs into the vector sequence seems to enhance the capacity for in vivo integration further.
The present study also revealed some of the features of integrated ds linear DNA vector genomes and host chromosomal effects of integration, i.e., (1) terminals of vector genomes are commonly deleted, (2) chromosomal deletions are frequent, (3) insertions of a small number of nucleotides at junctions occur, (4) there is microhomol- ogy between vector and chromosomal sequences, and (5) integration is mediated by nonhomologous recombination. How the deletions of host chromosomal DNA affect expression of cellular genes and exogenous transgenes requires further study.
We have been investigating the mechanisms of rAAV vector transduction in the liver and have elucidated some of the mechanisms by which incoming single-stranded rAAV vector genomes convert into various forms of ds genomes (i.e., supercoiled ds circular monomers, ds linear monomers, circular and linear concatemers, and integrated proviral forms) to establish stable liver transduction [11, 13, 15, 21, 22] . Our most recent study suggested that ds linear monomer rAAV intermediates, whose structure was the same as that of the Lϩ vector used in this study, not ds circular monomer rAAV genomes, whose representative form was the same as the Cϩ vector, play an important role in vector genome conversion [32] . In that study, in which we introduced candidates for recombinogenic rAAV intermediates (i.e., Cϩ and Lϩ) into mouse hepatocytes in vivo using a hydrodynamics-based transfection method, we demonstrated that Lϩ, not Cϩ, is an intermediate for concatemerization, and Cϩ is not a substrate for integration. However, in that study, we had not addressed whether Lϩ can integrate [32] . Although it has not been established how hydrodynamics-based transfection mimics rAAV vector transduction, the similarity of the processing of vector genomes in mouse hepatocyte nuclei in vivo between these two systems [32] indicates that this method may be useful to study the mechanisms of rAAV vector genome conversion after vector genome entry into mouse hepatocyte nuclei. Integrative rAAV intermediates have not been identified so far, but the present study strongly suggests that ds linear rAAV monomers are possible integrative intermediates because the features of Lϩ integration described above are quite similar to those of rAAV proviruses found in vitro and in vivo [13, 23] , namely, (1) common breakage of vector genome within the AAV-ITR, (2) frequent host chromosomal deletions, (3) a small nucleotide insertion, (4) presence of microhomologies, (5) nonhomologous recombination between vector and host genomes, and (6) possible amplification of host chromosomal DNA at junctions. In addition, such similarity suggests that rAAV and ds linear DNA vectors utilize the same cellular machinery for integration, and perhaps the AAV-ITR may facilitate rAAV vector integration but is dispensable for integration itself in vivo.
In conclusion, we established a simple naked DNA vector-based method that can be used to insert an exogenous gene into host chromosomes of target tissues. In addition, this system may be applicable for experiments that require engineering chromosomes in vivo as an alternative to retroviruses or other viral-based techniques, such as gene trapping or insertional mutagenesis experiments. However, when we consider the potential for clinical applications, we need to elucidate further how the linear DNA vectors integrate into host chromosomes and how integration may affect expression of cellular proteins. Finally, elucidating the mechanisms of integration of ds linear DNA vectors in vivo may provide a new means of utilizing naked DNA vectors and improving current nonviral vectors. All the Lϩ constructs were prepared by digesting corresponding plasmids with PvuII, which excised Lϩ constructs, and purified by gel electrophoresis as described elsewhere [32] .
MATERIALS AND METHODS

Construction
Construction and purification of hF.IX-Cϩ, hF.IX-CϪ, hF.IX-Lϩ, and hF.IX-LϪ was described elsewhere [32] . Briefly, hF.IX-Cϩ and hF.IX-CϪ are agarose gel-fractionated supercoiled monomer plasmids that had a 5.2-kb DNA fragment containing the human elongation factor 1␣ (EF1␣) enhancer-promoter (EF1␣EP)-driven human coagulation factor F.IX cDNA, the human growth hormone gene polyadenylation signal (hGHpA), the prokaryotic ␤-lactamase gene (Amp r ), and ori. hF.IX-Lϩ and hF.IX-LϪ had the same EF1␣-hF.IX expression cassette as hF.IX-Cϩ/CϪ, but did not have the Amp r and ori. hF.IX-CϪ has a unique NotI recognition site between ori and the EF1␣ enhancer-promoter. To release the EF1␣-hF.IX cassette from hF.IX-CϪ with ease, we incorporated another NotI recognition site between hGHpA and Amp r in hF.IX-CϪ, making hF.IX2-CϪ. Thus, NotI digestion of hF.IX2-CϪ linearized this molecule at two sites such that the EF1␣-hF.IX expression cassette was dissociated from plasmid backbone (Amp r and ori) making a double-cut linear plasmid vector [12] .
hFAH-Cϩ and hFAH-CϪ are agarose gel-fractionated supercoiled monomer plasmids, pDDITRAAV-EF1␣-hFAH.AO and pEF1␣-hFAH.AO.PvuII, respectively. hFAH-Lϩ is an agarose gel-fractionated PvuII-PvuII DNA fragment of pAAV-EF1␣-hFAH.AOS, and hFAH-LϪ is an agarose gel-purified pEF1␣-hFAH.AO.PvuII, linearized at a unique PvuII site. The rAAV vector, AAV-hFAH, was produced with pAAV-EF1␣-hFAH.AOS, by the triple transfection method, purified, and titered as previously described [26] .
All of the naked hFAH DNA vectors and the rAAV vector carried the same DNA fragment, i.e., a 4.6-kb DNA fragment consisting of EF1␣EP-driven hFAH cDNA, the human ␤-globin gene polyadenylation signal (␤glpA), Amp r , and ori. To construct plasmids pDDITRAAV-EF1␣-hFA-H.AO and pEF1␣-hFAH.AO.PvuII, the hF.IX cDNA and hGHpA in pDDIT-RAAV-EF1␣-hF.IX.AO or pEF1␣-hF.IX.AO.PvuII [32] were replaced with a fragment containing the hFAH cDNA and ␤glpA. To construct pAAV-EF1␣-hFAH.AOS, a DDITR sequence in pDDITRAAV-EF1␣-hFAH.AO was replaced with two AAV-ITRs separated by a 1.8-kb stuffer that had been used to make pAAV-EF1␣-GFP.AOSP [13] . All plasmid DNA vectors were prepared in the Dam ϩ Dcm ϩ strain of Escherichia coli Sure (Stratagene, La Jolla, Ca.) or DH10B (Gibco BRL, Gaithersburg, MD) and methylated at adenine residues in the DpnI recognition sites, GATC/CTAG. None of the naked DNA vectors carried known mammalian replication elements, which was further supported by the fact that no vector genome replication was observed in association with hepatocyte division when their circular forms were delivered into mouse hepatocytes ( [32] , see also Results).
Animal procedures. HTI mice were the FAH ⌬exon5 strain previously described by Grompe et al. [8] and inbred at the Department of Animal Care, Oregon Health & Science University. Thirteen-to 16-week-old males (n ϭ 20) were used in this study. Adult female C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). HTI mice were provided with drinking water containing NTBC (Swedish Orphan AB, Stockholm, Sweden) at a concentration of 7.5 mg/L. HTI mice were injected with 25 g of each naked DNA vector via the tail vein by a hydrodynamics-based liver transfection technique [27, 28] or with 3.0 ϫ 10 11 particles of AAV-hFAH via the portal vein. The reason for the use of the hydrodynamics-based transfection was that this technique is the most efficient way to deliver DNA into hepatocytes of experimental animals in vivo. For in vivo selection of hFAH vector-transfected or infected HTI hepatocytes, NTBC was withdrawn for a period of approximately 2 weeks and resumed when the loss of body weight of the animals reached approximately 20 -30% or they appeared ill. NTBC was withdrawn again when the body weight of the animals returned to normal. This on and off cycle was performed to prevent loss of animals and was repeated until the total period of selection reached 10 weeks. In the experiments using hF.IX DNA vectors, the amount of vector DNA (22 to 100 g/mouse) was determined based on the molecular weight of the DNA molecule, such that mice would receive the same number of molecules (1ϫ) or four times more molecules (4ϫ) in comparable groups. Since there was no significant difference in either human F.IX levels or the number of vector genomes in the livers of mice receiving 1ϫ and 4ϫ doses within groups (Fig. 5A and data not shown), they were combined into a single group in the subsequent partial hepatectomy experiment. Portal vein injection of the rAAV vector, hydrodynamics-based in vivo hepatocyte transfection of naked DNA vector by tail vein injection, and partial hepatectomy were performed as previously described [14, [27] [28] [29] [30] . A hepatocyte mitogen, TCPOBOP [16] , was dissolved in corn oil and orally administered at a dose of 3 mg/kg 4 h before partial hepatectomy. Compared to a 2/3 hepatectomy, in which resected liver volume increases approximately threefold, a combination of 2/3 partial hepatectomy and TCPOBOP increased the resected liver volume by approximately fivefold during a period of 3 weeks after partial hepatectomy ( [17] and H. Nakai et al., unpublished results). Blood samples were collected from the retro-orbital plexus of mice. All animal procedures were performed according to the guidelines for animal care at Stanford University and Oregon Health & Science University.
Measurement of human F.IX in plasma and histological analysis. Enzyme-linked immunosorbent assay specific for human F.IX was employed for the measurement of human F.IX in mouse plasma [13] . The details of the procedures for human FAH staining of liver sections were described elsewhere [6] . The percentage of liver repopulation was determined by dividing the FAH-positive areas (mm 2 ) by the total area of the liver section analyzed. For each liver sample, at least six different sections were analyzed (the analyzed area of each section was approximately 1 cm 2 ). All images were captured with a digital camera and analyzed with the software program OpenLab from Improvision, Inc.
Southern blot analysis. Total genomic DNA was extracted from mouse liver tissue and subjected to Southern blot analysis as previously described [11, 13] . The vector genome copy number standards (the number of double-stranded vector genomes per diploid genomic equivalent) were prepared by adding an equivalent number of corresponding plasmid molecules to 20 g of total DNA extracted from naive C57BL/6 mouse or HTI mouse liver. Band intensities were quantified using a G710 Calibrated Imaging Densitometer (Bio-Rad, Hercules, CA) to determine vector genome copy number per diploid genomic equivalent in each sample. To verify the integrity of the DNA samples, a mouse agouti gene probe [31] was used.
Replicated vector genomes in mouse liver were quantified based on resistance of vector genomes to DpnI digestion. The efficiency of DpnI digestion of the adenine-hemimethylated GATC/CTAG sequence under the conditions used in our study was approximately 50% [11] . Because of the incomplete digestion at hemimethylated DpnI recognition sites, DpnI digestion of heteroduplexes consisting of an input methylated vector genome and a newly synthesized unmethylated vector genome generates multiple partially digested bands (the longest being the fewest), since there are many DpnI sites within the fragments used to quantify the replicated vector genomes (see Figs. 1A and 1C) . Therefore, the vector genomes that are not digested with DpnI at all are considered fully unmethylated DNA. The copy number standards for replicated vector genomes were the same as above except that they were digested with an appropriate enzyme in the absence of DpnI. In some instances, the forms of replicated vector genomes were selectively analyzed by digesting DNA samples with an appropriate restriction enzyme together with DpnI, which broke down DpnI-sensitive unreplicated genomes into smaller fragments.
Isolation of vector-cellular DNA junctions. The strategy for isolation of 5Ј and 3Ј vector-cellular DNA junctions from mouse liver was based on previously published methods [13, 30] . Seven micrograms of total mouse liver DNA extracted from hFAH-Lϩ or hFAH-LϪ vector-injected mice 6 weeks postinjection, a week before in vivo selection was started, was digested with 28 units of DpnI for 4 h to remove any unreplicated extrachromosomal plasmid vector DNA. The DpnI-digested DNA was then treated with calf intestinal alkaline phosphatase (CIP). Three micrograms of DpnI and CIP-treated DNA was then digested with KpnI or AvrII at 37°C for 4 h. KpnI or AvrII does not cleave the vector genomes. The subsequent procedures to rescue integrated vector-cellular DNA junctions in bacteria were the same as previously described [13] . Isolated mouse cellular DNA sequences targeted by vectors were BLAST searched in the Ensembl Mouse Genome Server database (www.ensembl.org/Mus_musculus, February 2002 freeze) and GenBank.
